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Vermilion mine Ni, Cu, PGE Dressler, 1984 43 Ni, Cu Dressler, 1984 44 Crean Hill mine Ni, Cu Dressler, 1984 45 Lots 3 and 4, Con (Mungall et al., 2004; Ames et al., 2005; Ames and Farrow, 2007) and distal ejecta of the Baraga Group (Pufahl et al., 2007 ) define a distinct timeline at 1850 Ma across the midcontinent Paleoproterozoic region. The compilation and integration of over 80 U-Pb dates (Table 2 , Map 1, Figs. 5, 6), which include the age distribution of major depositional, intrusive, tectonometamorphic, hydrothermal, and multiple meteorite impact events, span the range from Neoarchean through to Neogene. Recent advances in U-Pb zircon dating, involving submillion-year age resolution (Davis, 2008) , provide unprecedented constraints on the cooling history of the noritic phase of the Sudbury Igneous Complex impact melt, a lower crustal melt that crystallized between 1849.53 ± 0.21 and 1849.11 ± 0.19 Ma (Table 2) . This highly precise dating provides an innovative tool for constraining metallogenic events to less than 1 m.y. Understanding the pre-, syn-(ca. 1850 Ma) and post-impact timing of these events is crucial for effective mineral exploration in the Sudbury region. For example, among the youngest post-impact events to have affected the Sudbury NiCu-PGE orebodies was the intrusion of the 590 Ma Grenville diabase dike swarm which locally remobilized sulfide ores and cut the orebodies at the Clarabelle open pit, Copper Cliff offset, Strathcona mine, and Levack Embayment. This magmatism was associated with Cambro-Ordovician extension along the Ottawa-Bonnechere graben (Fedorowich et al., 2006) . At 13 to 5 Ma, Tertiary brines also locally remobilized the Sudbury sulfide ores, producing galena-sphalerite-bearing veins at the McCreedy and Lindsley mines (Marshall et al., 1999) .
The Sudbury structure comprises shocked and brecciated footwall rocks, the igneous rocks of the Sudbury Igneous Complex and offset dikes, and breccias of the Onaping Formation. The salient stratigraphic components are illustrated Crystal mine Au Dressler, 1984 Note: The location categorized according to each NTS sheet is numbered from west to east (Map 1, inset figure) Refer to NTS reference inset map; annotated on map according to status and colored according to commodity Figure 7 . The erosional remnant of an impact basin, the Sudbury Igneous Complex, and various breccias also define a structural basin of a regional periclinal fold which downfolded and thus preserved the Whitewater group in the center of the structural basin. Krogh et al. (1982 Footwall breccia, Sudbury Igneous Complex and associated offset dikes, Onaping intrusion, and Onaping, Vermilion, and Onwatin Formations of the Whitewater Group (Ames, 2007a) . A regional compilation of detailed mapping of the Sudbury Igneous Complex (Shanks, 1991; Johns, 1996 LGC = Levack gneiss complex, SIC = Sudbury Igneous Complex, TLSZ = Thayer Lindsley shear zone, TE-TIMS = Thermal extraction -thermal ionization mass spectrometry, UI = Upper intercept, LI = Lower intercept All mineral abbreviations are after Kretz (1983) except for Bdy (baddeleyite) 
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FIG. 3. Simplified geologic map of the Proterozoic units in the Great
Lakes region of North America, showing the locations of ejecta from Earth's largest exposed multi-ring impact structure at Sudbury (modified after Ojakangas et al., 2001 ). Locations of the distal ejecta from the Sudbury impact crater form a chronostratigraphic marker in the Lake Superior region at 1850 Ma. Known sites of the Sudbury iridium anomaly are shown in the proximal ejecta in the plume collapse breccia of the Dowling member, Onaping Formation, and the distal ejecta in Michigan and Minnesota (data from Mungall et al., 2004; Addison et al., 2005; Ames et al, 2005; Cannon and Addison, 2007; Pufahl et al., 2007 (Table 2 , modified from Ames et al., 2005) . Mineralizing events span a significant timeline and include Archean and Proterozoic volcanogenic massive sulfide, magmatic nickel, and uranium deposits, 1850 Ma impact-related magmatic Ni-Cu-PGE and hydrothermal Zn-Pb-Cu deposits, and post-impact mesothermal gold mineralization. All dates reported in Table 2 are shown with the exception of xenocrystic, inheritance, and cooling data. Sources for data outside the map area are as follows: Matachewan swarm: Heaman (1997) ; Nipissing diabase: Corfu and Andrews (1986) ; Noble and Lightfoot (1992) ; Sudbury dikes: Krogh et al. (1987) and Dudàs et al. (1994) . Age ranges for other events without any or very few reported ages are based on field relationships as given in the literature.
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, and Trill offset, discovered in 2005), as well as extensions (Ministic, Foy, Parkin, Manchester, Copper Cliff, and Worthington) and revisions of known offset dikes (Lightfoot et al., 1997; Wood and Spray, 1998; Murphy and Spray, 2002; Tuchscherer and Spray, 2002) .
In the early 1990s, collaborative mapping by industry, university, and government researchers focused on the impact crater fill (Onaping Formation) and the origin and setting of the 6.4 Mt Zn-Pb-Cu deposits at the top of the crater infill. This work established the regional stratigraphic subdivisions and characterized the associated regional semiconformable alteration, structure, and hydrothermal base metal mineralization in the breccias of the Onaping Formation and overlying carbonates of the Vermilion Formation (too thin to show on Map 1). The Onaping Formation, overlies the melt sheet that partially assimilated and melted the fallback breccia. The andesitic impact melt intruded fallback breccia and formed hydroclastic breccia complexes in the Sandcherry member, Onaping Formation (Ames, 1999; Ames et al., 2002; Ames and Gibson, 2004a) . Crater collapse and instability resulted in the formation of the embayment structures at the base of the Sudbury Igneous Complex during deposition of the Onaping Formation (Ames and Farrow, 2007) . Gravitational collapse of the basement during deposition of the Onaping Formation is marked by growth faults, thickness variations in debris flows, and paleotopographic highs and lows at the upper contact of the Sandcherry member (Map 1, units 42, 43) . Subsequent plume collapse and reworking resulted in deposition of the iridium-bearing units of the overlying Dowling member (Mungall et al., 2004) .
Levack gneiss complex, northern footwall rocks
One of the most conspicuous features of the northern footwall of the Sudbury impact crater is the 0.5-to 5-km-wide arcuate belt of upper amphibolite to granulite facies rocks of the Neoarchean Levack gneiss complex exposed along the northern rim of the Sudbury Igneous Complex, from Trill township to Wanapitei Lake (Map 1). Regional mapping by the Geological Survey of Canada (Card, 1994) has shown that this high-grade metamorphic complex comprises dominantly mafic to intermediate orthogneiss and mafic to felsic plutonic units, with minor migmatitic paragneiss and locally recognized iron formation. The orthogneiss ranges in age between 2711 ± 7 and 2668 +3/-2 Ma Wodicka, 1997; N., Wodicka, unpub. data) , although Ostermann et al. (1996) report a distinctly younger age of 2635 ± 5 Ma for dioritic to monzonitic gneiss (Table 2) . Mildly foliated to undeformed intermediate to felsic plutons yield ages of 2657 ± 5 and 2644 ± 3 Ma. The main phase of upper amphibolite to granulite facies metamorphism and migmatization occurred at crustal depths of 21 to 28 km (James et al., 1991) at about 2647 to 2645 Ma (Table 2) Table 2 for details of the age data.
complex (Meldrum et al., 1997) . The field characteristics and age of the youngest plutonic rocks within the Levack gneiss complex, particularly those of the 2644 ± 3 Ma massive granite ( Table 2 ), suggest that these rocks may represent phases of this batholith.
A long-standing question regarding the surface exposure distribution of the Levack gneiss complex is the timing of exhumation of the high-grade gneissic rocks (e.g., see , for a summary). Evidence increasingly points to significant pre-impact uplift and exhumation of the gneiss complex. U-Pb and 40 Ar-39 Ar cooling ages, combined with amphibolite facies decompression textures and field relationships, suggest that the Levack gneiss complex was initially unroofed during the Neoarchean, broadly coincident with or immediately preceding emplacement of the Cartier batholith ( Fig. 5; e.g., James et al., 1991; Wodicka, 1997) . Additional petrographic evidence supports a Neoarchean phase of exhumation prior to intrusion of the 2.47 Ga Matachewan dikes (Siddorn and Halls, 2002) . Geophysical evidence for a domaluplift structure, underlying and orthogonal to the long axis of the Sudbury Igneous Complex, recently has been interpreted as resulting from early Paleoproterozoic, ca. 2450 Ma (synHuronian) rifting and magmatism in the region (e.g., , but it remains unclear whether or not this domal structure also contributed to a period of rapid exhumation of the Levack gneiss complex. However, none of these studies Generalized stratigraphic columns for the 1850 Ma Sudbury structure illustrating the environments of magmatichydrothermal Ni-Cu-PGE and hydrothermal Zn-Pb-Cu ore deposits associated with the Sudbury Igneous Complex. Note the difference in scale on A and B. Contact deposits, are hosted in sublayer and Footwall breccia, proximal to the basal contact of the Sudbury Igneous Complex. Footwall precious metal-rich deposits are hosted in Sudbury breccia within ~1.5 km from the Sudbury Igneous Complex. Offset deposits occur in inclusion-bearing quartz diorite along the offset dikes with the most distal offset deposit at ~7 km.
preclude the possibility that the 1850 Ma impact event represents the mechanism responsible for the final exposure and present-day configuration of the previously retrograded granulite facies rocks.
The Grenville Front
The boundary between the Southern and Grenville provinces known as the Grenville Front trends northeast to southwest across the southeast corner of the map area (Map 1, Fig. 2 ). It is defined by a prominent fault across which predominantly gneissic rocks at middle to upper amphibolite facies are abruptly juxtaposed against low-grade Huronian Supergroup rocks (predominantly Mississagi Formation), Nipissing gabbro, the Chief Lake complex, and undeformed Sudbury dikes. Detailed remapping of the Grenville Front during the last 15 years in the vicinity of the town of Coniston and in Street township (Map 1) has resulted in an improved understanding of the nature of the front (Davidson, 2001; Easton and Murphy, 2002 , and references therein). Southwest of Coniston, the Grenville Front boundary fault is a moderately to steeply southeast-dipping thrust. Mylonite and ultramylonite are progressively developed toward the fault in both the footwall and hanging wall of the fault. At Coniston the thrust fault is truncated by the vertical Murray fault, the northeastward continuation of which is known as the Wanapitei fault. These field relationships imply that the Murray fault, a prominent structure with a long pre-Grenvillian history (e.g., Card et al., 1972; Farrow and Lightfoot, 2002; Spray et al., 2004) , was reactivated during the Grenvillian orogeny.
Mineral Deposits
Sudbury rivals Norilsk as the world's largest nickel camp, and it also produces significant amounts of Cu, Co, Pt, Pd, Au, and Ag. The Sudbury mining camp has close to 90 Ni-Cu-PGE deposits, including 14 currently operating mines, numerous past producers, and several advanced prospects (Fig. 8) . Lesser known are the past-producing Zn-Pb-Cu-Ag hydrothermal massive sulfide deposits that are situated above the Sudbury Igneous Complex (Figs. 7, 8, 9 ). Over 425 mines and occurrences are indicated on Map 1 and listed in Table 1 . The surface projections of the historic and current Ni-Cu-PGE and Zn-Pb-Cu mineralization displayed on the map are based on data from FNX Mining Company Inc., Vale-INCO Ltd, and Xstrata Nickel (Fig. 9) . Several past producers of gold, copper, and uranium also occur in the region, although they are temporally unrelated to the 1.8 Ga Sudbury impact.
About half of the total past production and current resources of Ni, Cu, and PGE is associated with the basal contact of the Sudbury Igneous Complex; ~25 percent occurs in the offset environment and ~25 percent in the footwall environment, all in breccias proximal to the base of the Sudbury Igneous Complex (Fig. 7) . Significant host rocks for Ni-Cu-PGE mineralization in Sudbury include footwall breccia (unit 35) and sublayer (unit 40) in the basal contact environment of the Sudbury Igneous Complex; inclusion-rich "quartz diorite" (unit 36) in the offset environment, and Sudbury breccia (unit 34) that developed in a variety of Neoarchean and Paleoproterozoic rocks in the stratigraphic footwall of the Sudbury Igneous Complex. Photographs of outcrops, polished rock slabs, and photomicrographs of ore textures of the Ni-Cu-PGE mineralization are shown for the various ore environments (Ames, 2007a) .
The footwall geologic environment is least understood, with deposit models evolving as new styles of economic mineralization are found in the mining camp. Cu-rich deposits hosted in the Sudbury Igneous Complex footwall environment have significant precious metal contents, typically >6 g/t Pt + Pd + Au + Ag (i.e., Strathcona deep copper: Abel et al., 1979; Farrow and Lightfoot, 2002) . Low-sulfide, high PGEAu, Ag deposits represent a recently recognized style of mineralization in the district and are a potential future source of significant PGE-Au production. The first economic deposit mined of this type was at the McCreedy West deposit, PM zone, mined in 2005 (Farrow et al., 2005) , which had typical grades of 0.3 percent Ni, 1.0 percent Cu, >5 g/t (Pd + Pt + Au) and low sulfide content (<3 wt % S). The disseminated sulfides with elevated precious metal contents are hosted in strongly brecciated, pseudotachylitic footwall rocks (Sudbury Breccias, unit 34). Current exploration for this type of ore is extensive in the vicinity of known Ni-Cu mines. Low-sulfide, high-PGE mineralization is also recognized at the Levack mine (north 148 zone), Levack Footwall, Victor, Capre (3000 zone), Ni Rim South, Broken Hammer, Crean Hill, and Little Stobie.
The 6.4 Mt Errington-Vermilion Zn-Pb-Cu deposits (Ames et al., 2006; Ames, 2007b) occur in the Whitewater Group, stratigraphically ~1.5 to 2 km above the Sudbury Igneous Complex. These base metal deposits have regional semiconformable alteration zones in the footwall that were dated at 1848.4 ±1 Ma (modified from Ames et al., 1998; see Table 2 ). Heat from the Sudbury Igneous Complex caused hydrothermal convection above the melt sheet. VMS-like Zn-Pb-Cu deposits formed in the crater fill above the Sudbury Igneous Complex, and the Ni-Cu-PGE deposits below the complex were modified by hydrothermal activity ( fig. 11 in Ames et al., 2006) .
The new compilation map of the Sudbury district provided in this issue integrates the geology, geochronology, impact features, and metallogeny across 9 NTS (National Topographic System) sheets, covering about 80 × 60 km, and provides the most up-to-date tectonostratigraphic framework for resource exploration and development, education, and research.
